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ACCELERATOR FOR THE PRODUCTION OF TRITILM (APT)*

M. T. Wilson, I'. 8. Bhatia, F. W. Guy, G. H. Neuschaefer, I'. ’. Wangler, and 1.. M. Youny.
MS-HB811, Los Alamos National Laboratory, L.us Alamos, NM 875435

Abstract

A collaborative study by Los Alamos and Brookhaven
National Laboratories, supported by the Waestinghouse
Hanford Company, investigating a facility w produce
tritium for the nation's defense needs indicates that a
1.6-GeV, 250-mA prowon accelerator is required. A reference
design of this accelerator starts with two parallel 125-keV
injectors feeding 350-MHz radio-frequency quadrupoles
(RFQ) that funnel at 2.5 MeV into a 700-MHz drift-tube
linac (DTL). The DTL injects at 100 Me" into a 1400-MHz
side-coupled iinac (SCL). The accelerator will cost about
$1.2 B and require 746 MW of electricity.

Background

Tritium is an essential ingredient of modern nuclear
weapons, lts 12.3-year half-life requires the continuous
production of triium w replenish the inventory in the
weapons stockpile,

Recent nationz] discussions concerning the viability of
the historic sources of tritium have renewed int» L in
alternative production methods., In collaboration, a group
from the Los Alamos Ivational Laboratory and the
Brovkhaven National Luaboratory, suppurted by the
Westinghouse Hanford Company (WHC), has studied the
~cope of an accelerator-based facility that would produce the
DOE goal amount of tritium. Los Alamos concentrated on
the accelerator, Brockhaven the terget lattice ussembly, and
Westinghouse Hantord the physical plant.

It has long been recognized thut high-energy particles
interncuny  with heavy nuclei will liberate vopious
quantities of neutrons that may be utilized for nuclear
transmut.tions, including the production of special nucienr
materials. Lawrence Livermore National Leboratory, Chalk
fiver  Nuclear laboratories, Erookhaven National
Laborntory (BNL), and Los Alamos National Laboratory
‘1ANI) have been involved in a variety of studies,
experiments, nnd prototvpe developments associnted with
the use ot accelerntors for ssolope production.

Linear accelerotor technology has made major

‘vinees with continuing recent new developments fur the
con Alimos Meson Physies Facility (LAMPE)Y acceleeator
and with additional structures development fonded by the
Natonal Cancer Iostitute, the Department of Energy
DOED, and th « Steategie Delense Initinuve Office Newutral
Martele Beara (INPRY  prograin, Ilqunlly  impressive
advanees have been made in understanding the physics of
henms and the behnvior ol aceelsrntor structures, the nbility
woenleulate perfermance, the erention of beam dingnosae
instrumentation, nod packnged control system software that
contans tnol kits w simphify npplicntions programming

Thi work capported by Los Alamos Sacmmad Labotators mternal
Sndcand by the U Department ol Fnengy EMhee ol Naetene

Matern s Prosochion

The Concept

Lead was chosen 2s the primary spallation neutron:
source material as it avoids fission waste, 15 inexpensive,
abundant, and easy w fabricate. Neutrons from iead are
absorbed by lithium, which splits to create tritium and
helium. An aluminum-lithium alloy was selected fur the
lithium source because of its well-characterized performance
in the heavy-waler reactors at the Savannah River Plant.
Cooling water temperatures are kept low and there :s no
attempt Lo recover pawer Irom the target lattice.

The study indicates that 250 mA of 1.6-GeV protons
will produce the desired quantity of tritium, if the beam 1
utilized 75% of the time.

Accelerator Components

The fundamental frequency of 350 MHz was chosen fur
the linac because 1-MW ¢w RF tubes are commercially
available at this frequency, permitting early testinyg of the
low-energy accelerator structures. The linac starts with two
parallel 125-keV proton injectors, cach feeding 350 Mliz
RFQs that interlace or funnel RF hunched beams at 2.5 MeV
inw o single 700-MHz DTL. The DTL injects at 10U MeV
intoa 1400-MHz SCL.

A discrete-element, low-emittance yrowth funnel is
used to combine beams from two RFQs so that the low-
energy portion of the system can generate a high current
beam with reasonably low transverse emittance and withnut
significant spuce-charge limitations. Assigning only balf
the final current to each ion source: RFQ combinntion allows
the scusces und RFQs w be designed for better performance
nnd enhanced long term reliability. Attention W emittances
and matching between sections permits a smaller aperture
in the nccelerator system and helps control halo formation,
which could lead to excessive activation if not minumized.

Duoplasinatron- or plasma-cusp-field type ion sources
will be utilized. Backup sources will he porsed to quickly
repluce  the operuting  sources for  eohanced  beam
availability.

A few RFQ design calculations were completed with
the following exnmple chosen (Tabie D for system
itegration purposes. Foach RFQ will be powered by it nwn
I MW ew klystron.

The funnel considered in this study was bised upon
cxperience  gnined  prepaning for the  NPHO funned
experiments ot Los Alnmos, The RFQs nre angled ot 200 10
the final bewm axis nnd have n 40 cm beam separation at the
RIFQ exits. The funnel has 2B permanent
qundrupoles and dipoles, 6 of which are adjustabie wrenasth
quidrupoles for fine tuning the mateh o the 7o ME DT
imput, nnd 6 of which anre adjustable position quadrapoles tor
henm steering, There are nine RF cavities, toar 300 M1z
rebunchers, tour 700 MHz cebunchers for Hmpntadinal
Dwewsing and mntehing to the DU, o one o ML BRI
defNector for merging the two 350 MUz hemes trom one REQ
it ane 00 Mz benm for ijection into the DIEE 1w h
tunnel RE cavity i lrequenecy tuned by conte oo ot

el



wooling water tempetature. and each has .ts own 25 kW
sulid-state power supply. Heamline componenuts are
mounted on a basepliate und encivsed in a vacuum wank. The
funnel is 1.5 m lung. Considerable diagnosties and computer
feedback conuols @»re required W permit accurate
adjustment of RF compunents, beam pusitivn, and beam
match o the DTIL. [I'ransverse emittance growth in the
funnel should be less than 20%,

TABLE [. RFQ Physics Design

Frequency 150 MH:z
Injector energy 125 keV

Proton current inw RFQ 165 mA

Proton emittance intwo RFQ 0.020 n-cm-mrad
Vane length J48.6 cm
Number of 350-MHz wavelengths 4.07

Beam transmission 92.5%

Output energy 2.5 MeV

Proton current out of RFQ 152.6 mA

0.0261 n-cm-mrad
0.054 n-cm-mrad
0.2137 u-MeV -deg

Transverse emitwince {n,rms)
Lungitudinal emittance (n,rms)

Power absorbed in structure wall 145 kW
Power to beam 384 kW
Total RF po.ser required 629 kW

Beam loading 16%

Maximum peak surface electric field 1.81 Kilpatrick
RFQ longitudinal current limit 290 mA

RFQ transverse current limit 290 mA

A DT design (Table 1) was chosen that lost no
particles in simulations involving 1000 superparticles. This
design  had  sulficiently rigorous input beam quality
requirements that warranted the inclusion of funneled RFQs
As the most prudent protwn input beam,

I'he linac transitions from the DTI. structure w a
vonpled cavity structure ot 100 MeV. The SCL pivneered at
LAMPF was used 1n this study (Table lII) in the cw
contiguration developed for the National Bureau of
Standards (NBS) microtron® by Los Alamos. A section of the
NBS microtron SCL aceelerator way successfully opernted
fur many hours at ew power levels that produced structure
wall heat luads higher thun will be experienced in most of
the APT'SCL.

The AI"I' SCL. has 4646 necelerating cavities in 983 m
as compared W LAMPEF, which has 4276 cavities in 732 m.,
Fhe APPT SCL uses 450 klystrons, which is a bit less than
twice Stanford Linear Accelerntor Center's 244 klystrons.
Fhas indicates that a successful fabrication und vperation
hiase has been in place fur over 15 vears within these DOE
Laboratories. In the pust, the injector linnes at BNL, LIBI,
FIERME Lab, and CERN have been operated with more
proteas per sunch thun required in AIPT

Control and Diagnostics

Current developrients are providing nonintercepting
heam dingnosties eapnble of necurnte nnd  eapid  benm
characternizntion Control systems are evolving  into
transportnhle pnckages that also provide toolkifs for ensy
apphientions progrumming  Automatie element correctinn
lzvied aniterpretntion of diagnoste datn will be utihized ta
enhinee relimbihity and reduee activation

FABLE LI, DTL Physics Design

Frequency Ton M.
Prown energy inw DTL o MeV
Proton current into DTL ZaomaA
Overall length 1.3 m
Number of drift tubes 406
Quadrupole gradient 240 T m
Quaddrupole length Is mm
beamn bore radius S5mm

[attice FOFODODO
Accelerating gradient iconstant) JMVm

Energy gain
Sync phase «@' 2.5 MeV

1O MeV m
6l

Sync phase >20 MeV Au”
Radius of 100% of heam Jdmm
Power absorbed un structure wall 1 MW
Power tw beam 24 MW
Total RF power required 28 MW
Beam loading 6%
I[{lystron overdrive toey
Klystron cw power 1 MW ach
Klystron efficiency TR

uc w de conversion efficiency T

av power required 6 MW
Number of klystrons required a2
Average spacing between klystrons l6m
Beam transmission 100¢%

Output energy

Proton current out of DTL

DTL Longitudinal curreat limit
DTL Transverse current limit

TABLE 1Il. SCL Physics Design

[‘requency
Prown energy in
I’roton currentin
Length

10O MeV
230 mA
J3A
JIA

1400 Mz
1o MeV
IHt'mA
UR2.hm

Number of necelerating colly TR TH

Bore radius T
Acceierating gradient YAV
Averayge encrgy gain Lod MceV m
Power nbsurbed in structure wail 2l MW
Powcer to heam 270 MW
Total RF powe, required 427 MW
Benm loading HAT

Klystron ¢w power
Kiystron elTiciency

095 MW each

ni g

ne b de conversion efficiency SN
Towal a¢ power HAR MW
Number of klystrons 1t
Aveenge spacing between klystrons 2hm

Accelerator Facillty

The APPT linae length totads 1061 . e power lost to
the aceelernting structures, which must he emoved o
enrefully controlled ennhng erreunta, 10 07 60 MW \n
additional 200 MW of conrser caoling are tequicesd Lo the
klystrons,  I'e ne power needed, to provide the regquaeed
U7 6 MW of RE power, a0 7068 MW Phe renoneder o thae
plant requires about 20 MW Tor a0 totad ety need o



TTOMW. For a 75% uulization factwr and a J2 muls kW h
rate, the estumated vciectrical vcosts are $lol Myr
Electricity availability and luw rate: can be found within the
large hydropower Jgrids of the Bonneville Power
Administraton or the l'ennessee Valley Authority,

The capital costof a complete APT facility as developed
in this study wa., about $2.3 B and 1s comparable with that
quoted for a new production reacwr. The vperating cust of
the APT ($270 M. yr) with 1ts dominant electrical bill 's
balanced by the cost of supporting the infrastructure of a
new production reacwr with its fissile-fuel reprocessing
plant.

The accelerator and RF systems are made from a large
numoer of similar parts that can be mass-produced in many
fectories and shops throughout the country and brought w
centralized locations for assembly into clusters and testing.
Installation will be very rapid as the components will have
been designed for ease of replacement and the length of the
accelerator facility provides ample room ior many
installation activities t occur simultaneously. Facility
construction will be rupid in that the long tunnel and surface
buildings may advance in numerous sections inde pendently.
The lattice (beam stop/T-producton volume) building is
smaller and lighter than a reactor containr.ent building as
no fissile materials or stored energy are present. The decay
heat of the APT lattice iy about 9.4% of that of a new
production reactor (NPR) rcore producing a comparable
amount of ritium. The inventory of radioactive materia!sin
the lattice isonly 0.4% (growing to 2% at 1000 years) of those
in an NPR. Therefore, it is believed that the construction
time and the licensing requirements should be less for an
APT than for an NPR.

Design Congiderations

Accererator parnmeters should be optimized W
minimize life-cycle costs, which are dominated by power
consumpton and electrical equipment capital cost. A
signitficant cust dariver is the efficiency of electrical power
conversion from ac v RF. One percentage point change in
ctficiency equates W an clectrical cost change of $1.7 M/yr
and o 34 M change in the amount of electrical equipment
required.

Control of beam loss 13 essential. Activation of the
aceelerator or beam transport elements would severdly
hamper maintenance. The yrowth of beam halos or off
caergy tails must be suppressed or scraped, nnd a heany
hreakup resistant structure should be utilized.

High availability requires a well integrated facility,
adesign philnsophy  that  stresses  rediability  and
nuuntunability, and good quality nssurance in fabricntion
and instadlavon . Component over capacity and redundancy
must be  combined  with  conventent modulnr  system
teplneement,

Future Work

New production reactors are planned for the Savannan
River Plant and the [daho Nauonal FEngincering
LLaboratory. Altornative sources, such as APT should be
vvaluated for their viability as o contingency in case the
reactors encounter licensing, design, or constructon
ditTiculues.  Such a study for APT should include the
construction of an engineering demonstration w validate
performance.

An engineering demonstration would include the low-
energy portion of the proton accelerator and a representative
secuon of the high-energy portion.  The injecwr, RFQ,
funnel, and a pcrtion of the DTL should be vperated us u
system. The high-energy SCL structure could be constructed
as an electron machine to test the proper beam loading, as
adequate protrn currents with sufficient encrgy are not
available.
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